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The photo-production of φ mesons from Li, C, Al, and Cu at forward angles has been measured at Eγ = 1.5–2.4 GeV. The
number of events for incoherent φ photo-production is found to have a target mass number dependence of A0.72±0.07 in the
kinematical region of |t |  0.6 GeV2/c2. The total cross section of the φ–nucleon interaction, σφN , has been estimated as
35+17−11 mb using the A-dependence of the φ photo-production yield and a Glauber-type multiple scattering theory. This value is
much larger than σφN in free space, suggesting that the φ properties might change in the nuclear medium.
 2005 Elsevier B.V.
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Open access under CC BY license.The modification of vector mesons in nuclear mat-
ter is of interest in hadron physics. A broadening of
the width and/or a decrease of the mass have been
predicted for the φ meson in the nuclear medium be-
cause of partial restoration of chiral symmetry [1] or
the meson–nucleon interaction in the nuclear medium
[2–4]. The mass shift of the φ meson has been exper-
imentally studied in the p–A reaction at the normal
nuclear density [5], and in high-energy heavy-ion col-
lisions [6]. However, no clear evidence has been ob-
served.
According to the OZI rule, the total φ–N cross
section, σφN should be small since the φ meson con-
sists of almost pure ss¯. If σφN in the nuclear medium
is the same as that in free space, the incoherent φ
photo-production cross section from a nucleus, σ incA ,
is approximately proportional to the target mass num-
ber, A, since almost all the produced φ mesons are
expected to go outside the nucleus without interact-
ing with a nucleon. If σφN becomes larger in the
nuclear medium, some fraction of photo-produced φ
mesons would interact with nucleons in the nucleus
and disappear via inelastic reactions. In this case, the
A-dependence sizeable deviates from σA ∝ A1.
Only one measurement of φ photo-production from
various nuclei is reported at Eγ = 6.4–9.0 GeV [7],
where coherent production is dominant. The value
of σφN is not accurately determined from the data
of coherent production. On the other hand, σφN in
free space is well determined to be 7.7–8.7 mb from
the φ photo-production cross section on the proton,
da/dt|t=0, at Eγ = 4.6–6.7 GeV, where the energy
dependence of the γ –φ coupling is assumed to be
constant on the basis of the vector meson dominance
model (VDM) [8]. A quark model [9] gives a pre-
diction of 13.0 ± 1.5 mb for σφN [8]. This value isdeduced from the total π±p and K+p cross sections
obtained at the high energy limit. The obtained and
predicted values of σφN in free space are much smaller
than other meson–nucleon total cross sections σωN ,
σρN , and σηN (∼ 30 mb) [10].
The σφN in the nuclear medium can be determined
by using a Glauber-type multiple scattering theory for
incoherent production [11]. The incoherent production
cross section from nuclei, dσ incA /dt , is described as a
product of the φ photo-production cross section on the
nucleon, dσN/dt , and the effective nucleon number,
Aeff, which is a function of the nucleon density distri-
bution and σφN . The main background from coherent
φ photo-production is suppressed near the threshold
energy because the momentum-transfer is high even at
0◦ due to the heavy mass of the φ meson. Thus, the
σφN in the nuclear medium is expected to be deter-
mined less ambiguously near the threshold energy as
compared with those at high energies.
The experiment was carried out using the laser–
electron photon facility at SPring-8 (LEPS). Photons
were produced by backward Compton scattering with
an ultra-violet Ar laser from 8 GeV electrons in the
storage ring. The recoil electrons were momentum an-
alyzed by a bending magnet in the storage ring, and
were detected by a tagging counter placed at the exit
of the bending magnet. The experimental setup is de-
scribed elsewhere [12].
The nuclear targets used in the experiment were
Li, C, Al, and Cu with thicknesses of 100, 36, 24,
and 3 mm, respectively. All the targets used were nat-
ural. The Li target block was placed in a target box
filled with Ar gas. The windows of the target box were
sealed with 50 µm aramid sheets. To minimize the
difference of the acceptances among different target
thicknesses and to reduce a systematic error caused
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targets was set by dividing into three pieces with the
same center of gravity and with the same standard de-
viation of the position along the photon beam direction
as those of the Li target. To avoid the systematic errors
due to the change of the beam conditions, targets were
exchanged every two hours.
Charged particles produced at the target were de-
tected at forward angles with the LEPS spectrometer
which consisted of a dipole magnet, a silicon-strip ver-
tex detector, three multi-wire drift chambers, a plastic
scintillator behind the target (SC), and a plastic scin-
tillator hodoscope placed downstream of the tracking
detectors [12]. A particle mass for each track was re-
constructed by using the time of flight and momen-
tum information. Kaons were identified within 4σ of
the mass resolution, which was momentum depen-
dent and was about 30 MeV/c2 for 1 GeV/c kaons.
The pion contamination in kaons due to particle mis-
identification was 3% for 1 GeV/c kaons. The φ
mesons produced in the targets were selected by uti-
lizing the vertex position of the K+K− events along
the photon beam direction as shown in Fig. 1(a). The
position resolution at SC was typically 2 mm, and the
K+K− events produced at SC was clearly separated.
Fig. 1(b) shows the K+K− invariant mass spectrum
for the γCu → K+K−X reaction. A clear peak was
observed, and similar peaks were observed for the
same reaction on other targets as well.
The measured mass and width are consistent with
those of the free φ meson [13]. The experimental
shape of the peak in the invariant mass spectrum has
been fitted by the sum of a Breit–Wigner function
convoluted with a Gaussian resolution function and a
background term,
N(m) = C
+∞∫
−∞
L(m0,Γ0;m′) 1√
2πσ 20
(1)× e−(m−m′)2/2σ 20 dm′ + bB(m),
where σ0 denotes the resolution, and L(m0,Γ0;m)
represents the Breit–Wigner function with the cen-
troid of m0 and the width of Γ0. The background
term B(m) is assumed to have a shape same as those
for non-resonant K+K− production, which are cal-
culated by a Monte Carlo (MC) simulation with the
assumption of the three-body phase space of the reac-tion γN → K+K−N . In the case that σ0 is fixed to
the values predicted by the MC simulation, the fitted
mass m0 and width Γ0 of the φ meson are consis-
tent with those in free space, where the fitting region
was 1000–1060 MeV/c2. The mass and width of the
φ meson would not change from its free-space val-
ues since almost all the φ mesons decay outside a
nucleus ( 95%) in the momentum range from 1.0
to 2.2 GeV/c. In the case that the σ0 for each target
is treated as a free parameter instead of Γ0, the fitted
value of σ0 is consistent with the value estimated by
the MC simulation. The predicted σ0 and the fitting
results are summarized in Table 1.
To determine the background subtracted φ-yield
normalized by incident photon numbers, first, the φ
meson events, NKK , are selected by gating the K+K−
events in the K+K− invariant mass spectrum from
1005 to 1035 MeV/c2 (see Fig. 1(b)). The number of
background events in the φ peak region, NBG, are es-
timated by
(2)NBG = Ntail
NMCpeak
NMCtail
,
where Ntail means the observed number of events in
the tail region from 1050 to 1100 MeV/c2. The NMCpeak
and NMCtail are the estimated number of events in the
region of 1005–1035 and 1050–1100 MeV/c2, respec-
tively, for the calculated non-resonant K+K− events.
The fraction of the background events is small (5–7%).
The background events due to mis-identification of a
pion as a kaon are negligibly small.
The number of events for φ photo-production cross
section is normalized by taking into account the num-
ber of hits in the tagging counter, Ntag, the attenuation
of the photon flux in the target material, ηatt, the num-
ber of target nuclei, Nτ , the live time of the data taking
system, ηDAQ, and the acceptance correction, ηacc. The
normalized number of events, Y , is then written as
(3)Y = NKK − NBG
NtagNτηattηDAQηacc
.
The normalized number of φ photo-production events
for each target is estimated by averaging data for hor-
izontally and vertically polarized incident photons to
reduce the ambiguity in acceptance correction due to
the different decay asymmetry [14]. The transmission
rate, i.e., survival rate of tagged photons at the tar-
218 T. Ishikawa et al. / Physics Letters B 608 (2005) 215–222Fig. 1. (a) The vertex position distribution of the K+K− events along the photon beam direction for the γCu → K+K−X reaction. The cut
points to select the K+K− events generated at the target are indicated by the arrows. (b) The K+K− invariant mass spectrum for Cu. The
solid curve shows the fitting result with the free m0 and Γ0 parameters given in the text. The cut points to select the φ events are indicated by
the arrows.
Table 1
The summary of the invariant mass resolution σ0 and the fitting results. (a) The invariant mass resolutions predicted by the Monte Carlo (MC)
simulation. (b) The fitting results in the case that σ0 is fixed to be the value estimated in the MC simulation. (c) The fitting results in the case
that the width of the φ meson, Γ0, for each target is fixed to be the same as that of the free φ meson (4.26 MeV/c2 [13])
Parameter (MeV/c2) Li C Al Cu
(a) σ0 1.6 ± 0.1 1.9 ± 0.1 2.3 ± 0.1 2.1 ± 0.1
(b) mfit0 1019.7 ± 0.2 1020.1 ± 0.3 1019.5 ± 0.3 1019.3 ± 0.3
Γ fit0 3.4 ± 0.4 5.0 ± 0.7 4.9 ± 0.8 4.9 ± 0.8
(c) mfit0 1019.7 ± 0.2 1020.1 ± 0.3 1019.5 ± 0.3 1019.3 ± 0.3
σfit0 1.3 ± 0.4 2.0 ± 0.5 2.3 ± 0.4 2.4 ± 0.4get position, is needed for determining the φ photo-
production cross section. However, σφN can be deter-
mined directly from the normalized number of events
which is proportional to the φ photo-production cross
section since the transmission rate is the same for all
the targets. The number of events and the normaliza-
tion factors are summarized in Table 2.
The measured momentum-transfer square |t| ranges
up to 0.6 GeV2/c2. Fig. 2(a) shows the t˜ = |t| − |t|min
distribution for C, where |t|min is the minimum |t|
given under the assumption that the target is a pro-
ton at rest. The t˜ distribution is fitted with a func-
tion of dσ/dt˜ = C exp(−bt˜ ) in the region of t˜ =
0.0–0.5 GeV2/c2. The slope parameters, b, are 3.6 ±
0.9, 4.5 ± 1.0, 3.1 ± 0.9, and 4.5 ± 1.0 (GeV2/c2)−1
for Li, C, Al, and Cu, respectively. Any of theseslope parameters is consistent with that for φ photo-
production on the proton, b = 2.1–3.0 (GeV2/c2)−1
at SAPHIR [15], or b = 3.38 ± 0.23 (GeV2/c2)−1 at
LEPS [14]. The number of all the φ events for each tar-
get is found to be proportional to A0.63±0.05 as shown
in Fig. 2(b).
It is reported in Ref. [16] that the contribution of
the coherent process cannot be negligibly small espe-
cially for light nuclear targets even at Eγ ∼ 2 GeV.
The coherent production in Li has been evaluated in
the missing energy spectrum. The missing energy, Ex ,
is defined as
(4)Ex = mX −mA,
where mX is the missing mass in the reaction γA →
φX, and mA stands for the mass of the target nucleus.
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Summary of the number of events and the normalization factors. NKK : the observed number of the K+K− events in the φ peak region, NBG:
the estimated number of background events in the φ peak region, Ntag: the tagged photon flux, ηatt: the attenuation of the photon flux in the
target material, Nτ : the number of target nuclei, ηDAQ: the live time of the data taking system, and ηacc: the acceptance correction
Li C Al Cu
NKK 348 267 286 238
NBG 21.3 ± 4.5 16.4 ± 4.1 21.4 ± 4.5 11.2 ± 3.2
Ntag × 10−10 7.15 6.97 9.76 23.31
Nτ × 10−23 4.63 3.12 1.45 0.254
ηatt 0.976 0.948 0.906 0.926
ηDAQ 0.922 0.899 0.874 0.911
ηacc × 102 5.84 ± 0.06 5.74 ± 0.06 5.79 ± 0.07 6.12 ± 0.07
Fig. 2. (a) The t˜ = |t| − |t|min distribution for the γC → K+K−X reaction. The data points are fitted with the form da/dt˜ = C exp(−bt˜).
(b) The A-dependence of the φ meson photo-production from nuclei. The data points are fitted with the parameterization A0.63. The error bars
for the data are statistical only.Fig. 3(a) shows the missing energy spectrum for Li
together with the simulation results for the coherent
γA → φA and the incoherent γN → φN processes.
The Fermi motion and the binding energy are taken
into account for the incoherent process in the MC sim-
ulation. The missing energy spectrum of coherent φ
photo-production concentrates at 0 MeV within the
experimental resolution, and that of incoherent pro-
duction is distributed in the positive energy region.
The missing energy spectrum for the coherent process
is symmetrical around 0 MeV with a resolution of
19 MeV (σ ). Assuming that there are no φ events pro-
duced incoherently in the negative Ex region, the total
coherent events are estimated to be twice the number
of events in the negative Ex region. The number ofthe coherent φ photo-production events in Li is then
82.0 ± 12.8.
Since the coherent contribution is relatively small
for the heavier target, the incoherent events in the neg-
ative Ex region may not be negligible. The coherent
φ contributions in the other targets are evaluated theo-
retically using the estimated one in Li as an input. The
contribution of the coherent process is proportional to
the square of the nuclear form factor [18],
(5)dσ
dq
∝ ∣∣AF(q)∣∣2,
where q is the three-dimensional momentum-transfer.
The coherent contribution is evaluated by integrating
dσ/dq over the kinematically allowed region of q .
220 T. Ishikawa et al. / Physics Letters B 608 (2005) 215–222Fig. 3. (a) The missing energy spectrum of φ photo-production for the Li target. The hatched regions show the calculated spectra for the
coherent and incoherent processes by the Monte Carlo simulation, and the normalization is made to guide the eyes. (b) The A-dependence of
the number of events for φ photo-production from nuclei after the contribution of coherent production is subtracted. The data points are fitted
with the parameterization A0.72.The number of φ mesons produced coherently is then
estimated to be 72.9±11.4, 30.9±4.8, and 30.4±4.7
for C, Al, and Cu, respectively. After subtracting the
coherent contribution as the background, the normal-
ized number of events gives a relation σA ∝ A0.72±0.07
as shown in Fig. 3(b).
In order to determine σφN from the A-dependence
of the φ photo-production yield, an optical model of
a Glauber-type multiple scattering theory for inco-
herent production is applied [11]. In this model, the
production cross section from a nucleus, dσ incA /dt , is
described as
(6)dσ
inc
A
dt
= Aeff dσN
dt
,
where Aeff is the effective nucleon number and dσN/dt
is the production cross section on the nucleon. The
Aeff for φ photo-production is expressed as a function
of A, σγN , and σφN ;
Aeff(A,σγN,σφN )
= 1
σφN − σγN
∫ (
e−σγNT (b) − e−σφNT (b))d2b,
(7)T (b) = A
+∞∫
−∞
ρ(b, z) dz,where σγN stands for the total photon–nucleon cross
section, b denotes the impact vector of the incident
photon, and ρ is the nucleon density of the target nu-
cleus. The effect of quasi-elastic collision between a
φ meson and a nucleon in the nucleus is not included
in Eq. (6) since the direction and energy change of the
outgoing φ meson is small because of the small di-
rect φNN coupling [16]. Assuming the same dσN/dt
for the proton and for the neutron, σφN can be derived
from the A-dependence of the φ photo-production
cross sections. In this case, the absolute values of
dσ incA /dt are not necessary. The normalized number
of events for φ photo-production from nuclei, defined
by Eq. (3) as Y , is described by that for φ photo-
production on the nucleon, YN , and Aeff:
(8)Y = Aeff(A,σγN ,σφN ) · YN .
The σγN is fixed to be 140 µb in the energy range
from 1.5 to 2.4 GeV [13]. The nucleon density is given
by normalizing the charge density distribution [17],
where the proton and neutron density distributions are
assumed to have the same r-dependence. The same
branching ratio of the φ → K+K− process for each
target nucleus is used since almost all the φ mesons
decay outside the nucleus. The measured Y values are
fitted by Eq. (8) with σφN and YN as free parameters.
The value of σφN is estimated to be 35+17−11 mb from
T. Ishikawa et al. / Physics Letters B 608 (2005) 215–222 221Fig. 4. (a) The probability Pout = σA/(AσN ). The overall normalization error (18%) is not included. The solid and dashed curves show the
theoretical calculations given by Cabrera et al. [16] without and with Pauli-blocking correction for the φ meson scattering angle in the laboratory
frame of 0◦, respectively. (b) The ratio Pout/Pout(Li). The solid and dashed curves show the theoretical calculations same as (a).the A-dependence of the number of the φ events after
the coherent contribution is subtracted.
As a cross check, the coherent contributions for
the other targets are estimated using the exactly same
technique as in the case of Li. In this case, σA is pro-
portional to A0.73±0.07, and σφN is estimated to be
34+17−11 mb. These are consistent with the former re-
sults. Similar results are also obtained by selecting
the kinematical region for the incoherent process in-
stead of subtracting the coherent contribution. When
the events with Ex larger than 30 MeV are selected,
σA ∝ A0.74±0.06 and σφN = 30+12−8 mb are obtained.
The results are stable even if the missing energy cut
is tightened up to 80 MeV. These values obtained in
this experiment are much larger than σφN free space,
indicating the modification of the φ–N scattering am-
plitude in the nuclear medium.
On the basis of the φ self-energy in the nuclear
medium, Cabrera et al. presents the A-dependence of
the φ photo-production cross section from nuclei in
terms of the variable Pout = σA/(AσN) = Y/(AYN),
which represents the probability of a photo-produced
φ meson going out a nucleus [16]. Fig. 4(a) shows the
obtained Pout in the experiment and theoretical predic-
tions given by Cabrera et al. as a function of A. It is
noted that the averaged momentum of φ mesons in the
present experiment is 〈Pφ〉 = 1.8 GeV/c, while theo-
retical predictions are made for Pφ = 2.0 GeV/c. Theobtained Pout are smaller than the theoretical predic-
tions. The φ meson flux obtained in the experiment is
almost half of the theoretical predictions. The absolute
value of Pout obtained in the experiment depends on
an applied model to deduce YN . However, the ratio
of Pout/Pout(Li) is model-independent. The ratios are
smaller than the theoretical predictions as shown in
Fig. 4(b). The theoretical calculations underestimate
the decrease of photo-produced φ meson flux in the
nucleus. This discrepancy implies that the φ–N in-
teraction is stronger than theoretical estimations due
to the modification of the φ properties in the nuclear
medium.
In summary, the photo-production of φ mesons
from Li, C, Al, and Cu nuclei at forward angles has
been measured at Eγ = 1.5–2.4 GeV. The mass and
width of the φ meson observed in the K+K− invari-
ant mass spectrum are consistent with those of the
free φ meson for all the nuclear targets used. There
is a possibility that the reconstructed invariant mass
is insensitive to possible in-medium modification of
the φ meson for the high momenta of the measured φ
mesons (1.0–2.2 GeV/c).
The A-dependence of the φ photo-production yields
for |t|  0.6 GeV2/c2 is found to be proportional to
A0.63±0.05. After subtracting the coherent contribution
evaluated from the nuclear form factor, the yields are
found to have the A-dependence of A0.72±0.07. The
222 T. Ishikawa et al. / Physics Letters B 608 (2005) 215–222total cross section of the φ-nucleon interaction, σφN ,
is estimated to be 35+17−11 mb from the A-dependence.
This value is much larger than σφN in free space,
suggesting that the φ properties might change in the
nuclear medium although the change of the mass and
width is not observed in the K+K− invariant mass
spectra. The ratio Pout/Pout(Li) is smaller than the the-
oretical predictions, which implies that the in-medium
modification might be larger than the predictions. It
should be noted that there is still an ambiguity of the
σφN value in free space at low energies. It is important
to establish the production mechanism for φ photo-
production on the proton near the threshold and to
confirm the σφN value in free space at low energies.
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